Abstract. The only well-studied red nova progenitor (V1309 Sco) was a contact binary with a 1.4-day period. The prospects for searching for similar systems, as well as stellar merger candidates in general, are explored in this work. The photospheric temperatures of 128 variables with periods P = 1.1 − 1.8 d classified as W UMa-type binaries are calculated using their colors listed in the SDSS catalog. A selection of 15 contact binaries with similar temperatures and periods as the V1309 Sco progenitor is thus compiled. The Kepler Eclipsing Binary Catalog is used to analyse systems with eclipse timing variations (ETV) possibly caused by changes of the orbital period. Out of the 31 systems with parabolic ETV curves listed by Conroy et al. (2014, AJ, 147, 45) two could be contact binaries with a decreasing period and, therefore, potential stellar merger candidates. Out of the 569 contact binaries in the OGLE field analysed by Kubiak et al. (2006, AcA, 56, 253) 14 systems have periods longer than 0.8 d and a statistically significant period decrease.
Introduction
The outburst of V1309 Sco in 2008 has played a key role in our understanding of the rare red nova eruptions. Very few such events were previously known. The well-studied V838 Mon (Bond et al. 2003) had shown distinct similarities in its spectral evolution to transients V4332 Sgr and M31 RV. Tylenda & Soker (2006) suggested that all three events were caused by mergers in binary stars. However, it was not until the eruption of V1309 Sco that direct observations of a red nova progenitor could support this theory. Mason et al. (2010) presented thorough observations of the V1309 Sco outburst and pointed out its similarities to red novae. They derived a peak absolute magnitude of M V = −8.3 mag and a maximum emission line FWHM of ∼ 150 km/s. Tylenda et al. (2011) used archive data from the OGLE project to show that the progenitor is a W UMa (contact) binary with a period of 1.44 d and a ∼ 0.2 mag amplitude. Moreover, the period had been decreasing exponentially for at least six years before the outburst, reaching 1.42 d in 2007. The OGLE lightcurve also showed slow brightness variations as the I magnitude remained in the range 16 − 17 mag before the outburst. Tylenda et al. (2011) obtained an effective temperature of the progenitor of 4500 K under certain approximations for the interstellar reddening. An exact value was difficult to derive due to the proximity of V1309 Sco to the galactic plane.
Five galactic red novae are currently known -V4332 Sgr, V838 Mon, V1309 Sco, the highly reddened OGLE-2002-BLG-360 and allegedly, the 1670 eruption of CK Vul (Kaminski et al. 2015) . With the addition of several extragalactic transients, such as M31 RV (Rich et al. 1989 ), M85 OT2006-1 (Kulkarni et al. 2007) , and M31LRN 2015 (Kurtenkov et al. 2015) , they constitute a rare class of mostly very luminous events. As of 2016 V1309 Sco remains the only red nova with a well-studied progenitor, and the only direct proof that stellar mergers cause red novae.
Motivation
The archival observations of V1309 Sco have presented the unique opportunity of studying the transition of a stellar merger process from a quiescent phase (eclipsing binary with a decreasing orbital period) to a dynamic phase (red nova explosion, ultimately leaving the merger product engulfed in dust). A prediction of such an event will allow for a much more detailed exploration of the progenitor system, e.g. mass and temperature determination via multicolor photometry, or observing the spectral evolution of the common envelope. Such results can be used to improve the relations between the parameters of the progenitor system and the parameters of the transient. An attempt at studying these relations was made by Kochanek et al. (2014) , although the statistical sample is still quite small. A red nova prediction was made by Molnar et al. (2015) for the Kepler eclipsing binary KIC 9832227.
As discussed by Tylenda et al. (2011) the merging can be triggered by the evolution of the primary component. It grows in size as it crosses the Hertzsprung gap and the system starts losing mass and angular momentum through the L 2 Lagrangian point. As the V1309 Sco progenitor probably included an evolved K-star, this scenario is compatible with the observations. Furthermore, the observed orbital period of 1.44 d is unusually long for W UMa-type binaries, so it requires a large semi-major axis, and respectively, large radii. Similarly, many long-period contact binaries can be seen as potential merger candidates and their exploration could give us an insight into the physics of red nova progenitors.
The last decades have shown a radical increase in the number of known eclipsing binary systems, owing to modern time-based sky surveys, such as NSVS, ASAS, and most recently, the Catalina Sky Survey. The latter has produced a catalog including ∼ 31000 contact and ellipsoidal binaries (Drake et al. 2014 ). As of June 2016 the VSX (Variable Star Index) database lists a total of 39634 W UMa-type binaries. The present work aims to show that the number of known contact binaries is sufficient to draw an object selection of possible V1309 Sco-like systems. Contact binaries that show similar characteristics as V1309 Sco could be at the same evolutionary stage at which the mechanism that led to the 2008 eruption is triggered. The selected systems in Section 3 could prove to be promising targets of follow-up observations, aiming to derive their absolute parameters and to look for period changes.
Another important addition to the exploration of eclipsing binaries has been the Kepler Eclipsing Binary Catalog (Slawson et al. 2011 ). It could be a powerful tool in the search of stellar merger candidates as it provides high-quality lightcurves with exact minima timing. Section 4 is dedicated to selecting stellar merger candidates from Kepler and OGLE binaries with considerable eclipse timing variations.
SDSS/VSX color-based selection
Binaries of the W UMa type have typical orbital periods in the range 0.2 − 0.8 d. However, the VSX database currently lists 1125 W UMa binaries with P > 1 d. Some of them are misclassified β Lyrae as those variables have similar lightcurve shapes but generally larger periods. The distribution of cataloged long-period W UMa binaries is shown in Fig. 1 . In the 1.0 − 2.0 d period range there are still relatively many systems cataloged as W UMa binaries. Also plotted is how the ratio of cataloged W UMa to β Lyr binaries changes with the orbital period. In case all systems in the 1.0 − 2.0 d period range cataloged as contact binaries were misclassified β Lyrae, this ratio would not decrease after P ∼ 2.0 d. Many systems in this period range could be contact binaries with one or two evolved components and, therefore, objects of the current study.
The somewhat narrower period range between 1.1 d and 1.8 d is approximately centered on the V1309 Sco period. As of June 2016 the VSX lists 506 systems of the W UMa type in it. Of those, 207 were identified in the ninth release of the SDSS catalog (Ahn et al. 2012 ) within a search radius of 2 ′′ . The SDSS catalog provides multicolor photometry in the Sloan ugriz passbands. The imaging data of a given object is obtained with a 72 sec delay between two consecutive filters, so there is a ∼ 5 min interval between the r-band and g-band frames. Therefore it can be safely assumed that the imaging of P > 1d binaries in all passbands is simultaneous. The colors of contact binaries slightly vary with phase due to the temperature difference of the components and the gravity darkening effect. Both effects are of the order of ∼ 10 2 K, which allows for a satisfactory estimate of the temperature of the common envelope using multicolor photometry at a given phase. The color-temperature relations derived by Boyajian et al. (2013) were used for this purpose. These relations are of the form
where X represents the color index and T ef f is the effective photospheric temperature. The coefficients derived by Boyajian et al. (2013) for the Sloan photometric system are given in Tab. 1. Table 2 . A selection of 23 contact binaries with P = 1.1 − 1.8 d and T ef f = 4200 − 4800 K. The temperatures of the systems correspond to spectral types K0III-K3III and are similar to the V1309 Sco progenitor. The last column contains the values of the total galactic reddening along the line-of-sight (the maximum possible reddening of the object). The visual (wide band V) magnitudes and amplitudes are extracted from the VSX database. Three color temperatures (T g−r , T g−i and T g−z ) were calculated for each of the 207 objects. The photospheric temperature T ef f and its statistical standard error σ T were then calculated as an average of the three values and the RMS of the residuals, respectively. Photospheric temperatures for 143 systems were thus obtained. The color indices of 9 objects are outside the calibration range. The remaining 55 objects (26 % of all) have σ T > 150 K and were excluded from the sample. The results are in the range 3230 − 7560 K (median temperature 5150 K), with a median error σ T = 80 K.
The 23 systems with T ef f = 4200 − 4800 K are listed in Tab. 2. Giants of the K0III-K3III types have effective temperatures in this range. It should be noted that the interstellar reddening has been neglected for this calculation, so it is plausible only for objects that are far from the galactic plane, where the reddening is weak. For 15 of the 23 systems the total galactic reddening along the line-of-sight is less than 0.07 mag. If these are correctly classified as W UMa binaries, they may have similar parameters to the V1309 Sco progenitor. Follow-up observations of these systems are therefore encouraged.
Of the 143 systems 128 have galactic latitudes |b| > 20 • , which implies a low reddening. The calculated photospheric temperatures for all 128 systems are presented in the online Tab. 5.
Kepler and OGLE candidates
The objects selected in Section 3 might be of a similar evolutionary stage as the progenitor of V1309 Sco, but it is highly improbable that they will erupt in the upcoming decades. The best way to predict such an event is based on minima timing as the decrease of the orbital period before merging causes eclipse timing variations (ETV). The most reliable source of such information is by far the Kepler mission. Table 3 . Kepler systems classified after visual inspection. The following designations are used: EA = Algol, EB = β Lyr, EW = W UMa, ELV = ellipsoidal variable; Pos = positive, Neg = negative. The presence of ETV does not necessarily imply a loss of angular momentum from the system. It is far more likely to be caused by mass transfer between the components or by signal delay due to perturbations by a third body (light travel time effect, LTTE). In the latter case the ETV curve exhibits strict periodicity. In the former case, which is quite common for β Lyrae, the second derivative of the ETV curve can be positive as well as negative. Only contact binaries with parabolic ETV curves with a negative second derivative could undergo a stellar merger in the near future.
The ETV signals of 1279 Kepler binaries were analysed by Conroy et al. (2014) . The authors found 31 systems with nearly parabolic ETV curves over the whole ∼ 1400 d period of observation. The type of variability was determined for all 31 systems after visual inspection of the lightcurves and ETV curves (Tab. 3). Just two contact binaries with a negative second derivative of the ETV curve were found:
-KIC 9840412 (BJD 0 = 2454954.556807, P = 0.87845(58 ± 9) d) -KIC 10292413 (BJD 0 = 2454954.202209, P = 0.55915(88 ± 4) d). The latter could as well be an ellipsoidal variable. Note that ellipsoidal variables are hard to distinguish from contact binaries with nearly sinusoidal lightcurves. The lightcurves and ETV curves of the two systems are presented in Fig. 2 . The period derivatives were calculated from
The parabolic fits of the ETV curves yielded dP/dt = −1.196 ± 0.003 × 10 −5 d/yr for KIC 9840412 and −2.737 ± 0.089 × 10 −7 d/yr for KIC 10292413. Follow-up observations of these two systems (especially minima timing) are recommended in order to confirm or rule out LTTE as the cause for ETV and to establish whether they can be considered as stellar merger candidates.
The Optical Gravitational Lensing Experiment (OGLE) has also been a reliable source for long-term studies of eclipsing binaries. The period changes of 569 OGLE contact binaries were analysed by Kubiak et al. (2006) . Notably, the two systems with the most rapid period decrease have very long periods: 1.36 d and 1.70 d respectively. The error of calculation of period changes is assessed at 2.3 × 10 −7 d/yr by the authors. All 14 systems with P > 0.8 d and dP/dt < −2.3 × 10 −7 d/yr are listed in Tab. 4. They require a large-sized telescope for follow-up observations considering that they are faint objects in a crowded field near the galactic center.
Summary and discussion
The only red nova with a well-studied progenitor is V1309 Sco, which erupted in 2008. Its progenitor was a contact binary with an exceptionally long period of ∼ 1.44 d, which could be explained by the Table 4 . A selection of long-period OGLE contact binaries with decreasing periods (Kubiak et al. 2006) . evolutionary state of the system. The present work aims to explore the current prospects of searching for similar systems and stellar merger candidates as a whole.
The AAVSO VSX database was used to select periodic variables classified as contact binaries. Of the systems in the 1.1 − 1.8 d period range 207 were identified in the SDSS catalog. By utilizing the color-temperature relations derived by Boyajian et al. (2013) approximate surface temperatures for 128 systems were obtained. In 15 cases the calculated temperatures are in the 4200 − 4800 K range and the maximum possible reddening is lower than 0.07 mag. If correctly classified as W UMa-type variables, these 15 systems may have similar parameters as the V1309 Sco progenitor. Therefore, a more detailed exploration of these systems could bring an insight into the physics of a red nova progenitor.
An prediction of a stellar merger in the near future would require evidence that the orbital period is decreasing. A steady decrease of the orbital period results in a parabolic ETV curve with a negative second derivative. The 31 Kepler systems with parabolic ETV curves selected by Conroy et al. (2014) were visually classified. Two of them were selected as potential stellar merger candidates and require further observations. A search among the fainter OGLE contact binaries yielded 14 systems with P > 0.8 d and a steady period decrease.
The number of known eclipsing binaries is still insufficient to select exact twins of the V1309 Sco progenitor. However, it is already sufficient to select systems with similar parameters and, possibly, in a similar evolutionary state. Some of those also have apparent magnitudes comparable to the V1309 Sco progenitor (Tab. 2). Upcoming missions such as GAIA and LSST are expected to discover millions of eclipsing binaries (e.g. Prša et al. 2011 ). Therefore the number of known contact binaries with evolved components may increase by a factor of ∼ 10 2 in the following decade. 
